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/ABSTRACT 



Diodes were prepared using thin films of cadmiim aulfido 
sandwiched between thin«-fllmS} ’metal electrodes, Th© cur-ront 
versus voltage characteristics were studi<^ as a function of 
the saxiufaoturS.ng j^r-ocees and t€®p8ratur©. The variables in 
the manufacturing process were choice of metals for electrcdoe, 
intcrchango of top and bottom oleotroda^ deposition of an OKld© 
barrder between eiectrodo and insulator^ heat treatment of the 
cadmium sulfide, and variation of th© substrate tsmperatijir© 
during depoaltlcm. From th© results obtainedj. apace«>cha3f.^6“ 
limited ourrente could not be the phyaicai mechanism involved* 
Instead an argument could be made for a field emission phono** 
rnsnon at low temperatures with Schottlsy ©nission eccuring at 
higher toaporatures, Th© two regions wore separated by a 
sharp transition at a critical temperature. 
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I, 2KTR0DUGTICK 



Thia filGi diode® oompooed of a metal eiectrode-cadmiDin 

8ulfide»mGtal electrode ea^d^ficb ^?er© evaporated on to a 

glass siibstrste with the purpose of obtalnins a Boli<3«stato 

analog to a vacuum dlcKie* The theory of Bpace-eharge-llmitGd 

currents in insulators"**^ plus the experimentally obeerv3d 

0 pa c©« charge* limited currents in single crystal of cadmlutn 

oulflde seemed to Indicate that ouch a thin-fllm device might 

be feasible* Reetlfiestien properties of similar diodes have 

T 8 

been observed previously, but little is known about the 
physical processes Involved. 

Dresner end Shalicross® attempted to desorlb© the pheno- 
menon as a spaa ©-charge-limited current, but were not success- 
ful. They, found a la 2 ?ge discrepancy bet^f©en the density of 
traps as indicated by theory and as measured by the method of 

thermally stimulated currents* The measured density of 
PI t 3 

10 /cm seems more reasonable then the calculated density of 
15 * 5 

10 /cm assuming the i«v relationship was apace-cbarge-limltod. 
Single crystals of cadmiien sulfide have been observed to have 
a trap density of 10'’“ /cm, 

A second point of major difference was the measured 
capacitance. Lamps rt has shown that the maxinjum deviation 
from the geometrical capacitance is a oultiplicatlv© factor 



!• Superscripts refer to references at the end of this paper. 
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b. I ♦ 



of two fow space“Chayg€«liaite<3 currents, Creener azifi 
Shalloross were unabl© to ob8er?re a CEpacitanoe of loss than 
four times th© gec^strlc capacitance, 

Vii© concXu<iie that space-oharse-llmited current alone can-* 
not be th© basis for this device. This project had as its 
main purpose th© determination of ecme kind of model for th© 
current flow process, No conclusive cmower v;as reached, tut 
a conjecture as to the corsr'oot sodol xm& made. First, Schottky 
emloslon Is dominant at temperatures elevated above a critical 
temperature and second, below this critical temperature, th© 
dominant proceao is field emlseicn or tunneling, Th© critical 
temperature was observed only ©xperimentally and could not be 
explained by th© theory* 
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The dlodeo prepared Ijy the evaporation of elactrodoe 

and the cadmium sulfid® on glaoe aioroBoopo olldas,. The 

Seoffletyy employed in all eaiaples la Bhovm in figure 1, The 

method of pre^riag the slldea for dopooltlon has been de* 

10 

scribed by CJaman, During the deposition process, the pressure 

in the vacuum system vras held in th© neighborhood of 10**^ torr. 

Tho cadmium sulfide used was laboratoxy grad© poi'/der 

manufactured by B & A company* This powder vjas evaporated fr<xn 

open raolybdmum boats* At first th© oubatrates were cooled with 

liquid nitrogen in order to speed the rat© of condensation of 

CdS. It was later foxmd, however, that the resistivity of tho 

films was greatly increased by hearting the substrates to ISO^C* 

Several workers have reported usiing higher substmte tempera- 
8 11 

tures, and one paper ' reports obtaining r^eistivltlee of thln- 
film cadmium sulfide approeohing that of t&o single ctyataline 
material* 

It was found in the earlier work that seme of th® aamplea 

prepared on the cold subetmtee were ohmic immediately after 

manufaetur©. Thee© oouM be mad® non-linear by heating in an 

oven at tomperaturea of lOO-SOO^C for periods of several hours* 

This p 3 ?oce ®8 is eimilar to that described by Dresner ojid 
0 

Shallcroas* 

Glide 2145 had aluminum as the bottom (common) electrode 
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and sold for the top ©iGCtrode. The cadmium oulfide was 
evaporated oiito a cold substrate and then annealed In vacuiia 
for 80 mimtee prior to the addition of the gold* The average 
thickness of the film as determined by optical InterferoriC© 
oethccts was IISO^A* All tan diodes luad reotifylng propertlos 
similar to those shoi-rn in figure S» In all cases the gold 
electrode ifas the anod.e for forward oonduotlon* The cadsDium 
eiflfido was markedly ifcotosenaitive. 

Figure 3 shows static l«»v characteristics obtained from 
2145a and 8145b, Kotice that a region of ohmic dependence 
followed by a square«law region xms observed* Above this* 
however* a res2.on of I<xV was observed. This is not easily 
explained, 

Ssjaple 2146 was constructed as nearly 2145 as possible* 

No non«»linear characterlstloe were observed. Th© measured 
average thlckneso of the cadmium sulfide ^-ras 1160®A* The maxi- 
miSB observed deviation from this thlckReas was 180®A, 

Sample 2154 was made xfith two gold electrodes, Th© last 
2QfC of the bottom ©leotrcde and th© initial part of the cadmium 
sulfide VTer© evaporated simultaneously to produce a region of 
forced diffusion, Ko attempt was made to determine the exact 
thickness of this mixed layer. Some rectifying oharacteristloB 
were noted with the bottom ©leotrod© positive for forward bias* 

In sample 2166* the electrodes were again aluminum and 
gold, i^hen the ecuaple was first made* a-c oharaoteris klos 
were photographed from th© oscilloscope plot, All diodes 
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Indicated that gold ^as the ancde for for>-fard current* Several 
days later, after 2166a vfae held at 13 volte a«c for several 
minutes, it ■was noticed that alxminvm had tecome the anode for 
forward currents* It was suspected that Mgh fields caused 
the change, 

When 2167 was made, all of the diodos had almlnum as the 
anode* This raised the possibility of an o?:ide film effect 
since it is well Imown that alumlniaa OKidizes rapidly even at 
pressures of iO*"^ torr* It was also noted that the curr^it 
remained small until the voltage was approx imotely one volt* 
Then the current Increased rapidly with IncreaGing voltago* 

When 7 volts a-»c was applied, this slide bec^e too hot to 
touch. No such heating effects wesre noticed on any other 
sample* 

The results of 2167 suggested making a diode with the 
alumina electrode purposely oxldigod in varying amounts to 
determine the effect of ootid© thickness* 2168 was otssstruotad 
with two diodes anodized to each of the following voltages in 
a pH 3.0 solution of tartaric acids 0, 1, 2, 3, and 4 volte* 
Figure 4 shows th© variation of the a-»c oharaeteristlca with 
oxide tliieknoss* notice that the thicker the oxide, the higher 
the voltage threshold in the forward direction. 

The Fowler-Nordheim equation for field emission is well 
knotm and may be given by the approximate expreealom^ 

T = I(£) e^p[-^ 
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«i!ere I{e 5 1,55 x 10"® eleotrio field 

Strength in volta / iset©?, (p ie the kox^ ftsnctioa in ©lection 

voXta* As can fee seen from (1), E must t© quit© layge tefor© 

any apprsciable current vill flow. However^ once this three-* 

hold field is reaches tiio current may be oxpeoted to incroase 
2 

as E , This appeara to be the oas© in figure 

The current ms measured as a function of tempoi^ture 
with the voltage as a parameter for ssmplo© 21‘Woj, 213 Ad ^ 
215Afj and 215^6* ?he reeuXta of these are ehoim in figure 5* 
A region of the ourv© ©Khlblta an essentially temperature in- 
dependent portion located below a critical temperatur®* In an 
effort to dotermino whether Schottky mission was present, a 
curve of log Z^) / T J versus 1/T was plotted and is 

shown in figure 6# Clo is the constant current below the 
critical temperature,) 

Sohottky emisaion ourrast-vcltagG-temparaturo relation 
is glvoR by;^^ 

T,fT‘ev[|-C(^j7/r 

T^ere R is Richardson* s ccsistantj, cp the tJork function, K the 
dielectric permittivity, sad a the film thlcknees, C is a 
constant whose value is 4*389 for V in volts axsi a in centi- 
meters* From (3) it l3 evident that the curves of figure 6 
should be Btrai^t lines as they as^o. It would appear that 
Sohottky omXssica was preeent above the critical temperature. 
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This oae© dlffera fyota field esioalon in that it is t©ap©ra?“ 
tuye depes^ent end do©s not set In imtil soiae elevated tats« 
psi^ture is reached* The field ©mission data was messurad a 
room teinporatur©!. 
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III. DISCUSS XOJ? 



P 

Dresnsr ax 2 d SballorosiQ Imvo p&int&a out tlio <3tAffioultles 
of sKplaiiiins the current process as a Bp&Q<3^ob&rse-*l^it&cl 
ptmommon* Thi© author fouafl me difficalty they did not 
mention* The curi'^t vaz^ing as the ?/2 pomr of the voltage 
in tho hi^ current z^egton ia difficult to e^.plaln using scl 
currents* Ross’"' has shorn that It is possible to obtain 
I «< V C^^/t •}• for Q^^ esKponential diatri’Uition of traps with 
^ergyj but Drossier and Ohalloroas die not observe such a 
distribution, h z^ougti csloulatioa by this author based on 
aseusBing an Impuleo distribution of traps at *35 eV below the 
conduction band gave a square law dependence. Lot us follow 
throu^ this caloulatioi'u 

VJ© Smow that ‘^i© density of trapped eleetrmat is 
given by 

Nt 

If !«) 

vjhere is the density of tspspping states locate below 
the conduction band. For tlie approKimatlon given In equation 
(26), Appendix to hold, we must have 

^ » e^p(Et/kr) (5^ 

If (5) is true, then (£6), Appendix is true, ©nd aa the r©^ 

suite in the Appendix ehow, J must then be proportional to 
2 

V * We can demonstrate that (5) is true for the present 
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problem* 



For th@ drift limited approxiaatloss# 

X - - Consiaht 

2 

Lampert haa ohom. that the fflaximism deviation of £ tvosn the 
average field strength 18 at moBt a factor of two^ There- 
fore, oan uo© (6) together with the experimentally observed 
values of J and |£| to get the maxitausj value of ^ ♦ In our 
oaoe ^ 10**^ amps/om^ ^d.th volta/cmk If w© 

aseiams a mobility of A onj/volt-eeo, then yi is approximately 
11 IQ 

10 /om3* Ko » 10 at rocms temperature which gives 
No/n !« XO®. S»f = €x/> (,>iOK.3s) 

Therefore (5) holds and «T should bo proportional to V * 

¥© can d®B 0 si 8 trQt© that w© have choaon the worst possible 

case} is, the case where (g) Is the least likely to be valid. 

If (5) holds for the maximum J, then it must hold for all 

smaller «J values because fr<^ (6), n would be even smaller* 

If/*. is larger thou th© small volu© (iudging from noarmal values 

CH^aured in single crystals}, then again n is smaller* There* 

fore, wo conclude that S shoild b© proportional to V and 

7/2 

Should not have a Jo<v" range which was observed. 

We can make a few remazks about using the exponential 
trap distribution of Rose. First, as we mentioned above, the 
measured trappinrS doasity waa not exponential, Second, wo 
can show that if the exponential distribution dees hold, then 
at oonstant voltage, current should increase with decreasing 
temperature* w© will use hosq*s^ calculations, but will fill 
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in tJis o© 2 istant h& <ai^l nat state esicept to say tfcat it was a 
fUROtlcn of tecrporature* Rose defined 



^ C'^i /kTc) ( 7 ) 

^ere A ie a constant and the other syahole are as before* 

Th© condensed charge foyc©i into insulator la 

Q - C V ( 8 ) 

whore C is the oapaoitemoo* TMa oondeasod chargo raioes th© 
Feral level by on omount E defined by the relation 

J ^ ^ ( 9 ) 

• A€ 

The eelution of this equation (m^lectlng the upper Xlait) le 

= kTc(A,v ^ k) (10) 

whore 




2f m define as the ratio of fr^ to total charge* dan 
writ© 

® = J-" 

tie ia the effective density of states in the conduction 
band. If ¥0 us© (10) for then 
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i'»’G now us© eqiacition (25) frc® t-h© .Append isf which may ho writ** 
ten GS 



Xt can he &<ntm tT-m ©qtjation (22)# the appesidix tSiat tbs 
in (iA) is th© eamo au (X3), Theraforo m have 



^lioh verifies our etatejjjent that the current ix':02*eaQ©s with 
deoreasins tssjporetxxre. This was not observed esrporissontally. 
On th© oofst.rai^, tti© opposite of fact wao noted* 

Froa th© two caloxilatlons w© have sad®, we lauat 
conslud© that ©pac©*«ohGs:*Se«*limit©d curs’cnts alone cannot 35t«* 
plain the ©Kporim^^it^llsr obeorved facta* f© muat aseh other 
physical processes to e^lala the data# Tv;o which com© to 
mind war© field emisalon asid Sohott!sy ©Klealon* 

Field esKleaion seemed a lUxely candidate when it t'fas 
noted that th© diodes had a very sharp voltage threshold for 
conduction with the sIuskIsiuei positive* The Fowlor^Kordheia 
equation is given by (2)# If we aasxiaae an oxide thlcloiesa 
of lO^A i^ilch we postulate as having boon Inadvertantly created 
on the alumimaa electrode durJjss tsanufaoturlng process# 

WQ can demonatmte that a voltage threshold would exist* For 
S < 10^ volts/ca, the ssKporieatlal toro In (2) is vcnlsMagly 
sraall. .AS a matter of fact# z moot bo of the order of 10^ 
volte/oa before the current density approaches 10'*^ainpa/cm^* 

A field of 10^ volts/om In th© present case correspcaido to a 
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temlrial volt, ago of 1 volt providizig all of ttis field is 
across the oxide, 

Tho results obtalsied bjr purposely oxidlsslng the aluiminua 
show conolualvely that oxide does have mi effect on the current 
characteristics. However^ the results are Insufficient to 
show Indisputably that field emission Is present*. Instead# 
we can only roraarh that the observed shifting of voltage 
threshold value with 5.ncreaeed oxide thiclmoss is indioatlva 
of field emission and the the magnitude of this threshold le 
approximately correct, 

W© oaxi mok© a fairly strong case for Sohottky emiBoloa, 
Figure 5 indicates a definite tompemtur© dependano© of the 
current above a certain oriticol temperature. Below this 
critical t^aperatuTG# tho current is relatively tempsratur© 
independent. This type of behavior is suggestive of Sohettky 
smleslon* Reference to O) shows that if Schottky emission 
la the dominant phjralcal ps^ocesa w© should expect plots of 
log I veraiis and log versus l/T to bo straight 

lines. These plots ar© shown in figures C aw2 7* In figure 
6# w® so© that w© have a fairly straight lino^ ©specially at 
higher values of T (lower values of 1/T), The erratic part 
of the line tends to be at the loxf temperature end. This Is 
beoauae at this md of the curve# lo played a algnlfidant role* 
Any inaccuracy in the determination of lo would affect the 
curve radically* At the other end# however# lo waa almost 
negllglbi© In oompaiplson with I and hence# any inaccuracy in 
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lo ^fould go inmotioed* 

In fAgure 7 $ it is difficult to account for the obsewod 
curve* As stated above# wo expect a atral^t line if Scbottlsy 
emission was present, W© could not offer any explanations 
and for this reason w© wore unable to conclude that Sohottljy 
auiasion was definitely observed. 
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In attemptins «o dr-aw soae cosicluBions fros the dataj 
tMa author waa forced to laalse only a oon^eotui^a sinco cc«j- 
elusive evidenoe ma not available. It is euggeetea that both 
field eiaiaeion and Gohottity emiaalon occur In the filcde, Xn 
tho temperature rogionj» Sohotthy ©aisslon is dc^iinant 
and ia the low tetaperatm’© region tumeiiKg occurs* Spacer 
ohftrga«*li}nited currants can be ruled out. Further «Kporimants 
are necessary to pin down definitely the physical prooeece© 
that were observed. 

The esepertoenta that this author considers need to b© 
done are the foX3.owing: 

(a) Kahe several eampies with varying oxide thichnessee 
and measure i-v clmmctiOi’istiCQ at different temperatures with 
the purpose of locking for Schottky (^iaslon above the criti- 
cal tespsrature* 

(b) Use a higher vacuum system to attempt to eliminate 
the inadvertaat formation of oxide on the aluminum^ 

(o) Cojjduot noiso measurements on the sample to obtain 
further ewideno© of the la<^ of space charge curr^t. This 
situation wcruld be indicated if a failure to observe space 
ohargo Buppreselon of noise, 

(d) Conduct a thei^sial determination of d^aity of trap- 
ping states, 

(©) Measure the capacitance of the samples with dif- 
feivjnt bias values. 
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SPACE^Cl'IARaB-LIMIT^ CURHeiTS IK SOLIDS 



Space Charge Currerit© (SCLC) In insulatora h&ve 

been invest. igated theoretically by a number of workers. The 
first results of any consequeno© vfae toe derivation of the 
Chlld«]^ngiaulr htuxi for a trap“fx*ee inaulator by Mott and 
Oumiy# Following their work, (but using the mathcfflatical 
convention of Lacapert, ot al. that £ ® X=" ** J "J~ 

we first write the general current flow equation: 



T = '^e.M£~^D4LH 

d 7^ * 



( 1 ) 



where J is the current density, n is the electron density, s 
le the magnltud© of the electronic charge, is the mobility, 
£ is th® electric field strength, and D Is the diffusion oon«« 
stant for electrons* Then in addition w© have Poissen^s 
equation: 

d€ _ 22S 

d-K ~ ■' 



( 2 ) 



where C is the dielectric constant of the material. 

In an insulator, we assume that the diffusion component 
of th© current 1© negligible in ciKaparieon with the drift 
component, ie, (1) becomes: 

X - - constant (3) 
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If we cars^ out the Integratiozi of (1) and (3) we obtain 



(A) 



To evaluate the oonstarit wo sruot use an appropriate boundary 
conclltlon,- W© aeourae that this is lisO at X=:0* Reference to 
figure 3 ©howa that this is equivalent to having the cathode 
at XjsXq* If Xq Is small in comparison with the thicknsos of 
the insulator^ then the ass^amption of the boundary condition 
l8 valid* The negative sign in (^) may be dieoaided as Ic 
obvious from either (3) or the figure. 

To relate tho applied voltage to the observed current wo 
integrate (4) 






( 5 ) 



or in tonne of is * JA we have 



i - 



. 1 €-^/l 



(y- y.j 



( 6 ) 



8 

where Vq s ^ <p^ is the woiit function of the anode, 

and ^ f i& the wox^ function of the cathode* This result is 
tho Chlld«Lan0Bulr law for solid a « We see that it differs 
from the vacuum law primarily by a factor of instead of 



This result has ^everal eerioue difficulties as was 
pointed out by Lamport^ and clarified considerably by Llndmayar, 
Reynolds, and Wrlgley. vfe hav© assumed that "SsO at XsO, 

But if this la true, then O) tells ua that J(0)x0 or JeO 
everywhere sine© the current ie constant* Also tho problem 
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Figure 9 
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Re© two nat?iral sDouxidary cojiditionG, oae at XsO an<3 ano at 
X=6* l 2 i th© at)OY© discussion v?e have osily usod the one at 
XsO* Th© trouble coaes in neglecting th© diffusion current. 
Llndmayer^ et al. have solved tho complete problea which we 
shall give here for convenience. 

First let US ccobine (1) and (0) to obtain 

r ^ e€' - € D€" ( 7 ) 



where th© primed quantities Sndioete differentiation with re« 
apect to X. V?e simplify this CEOuation by th© ua© of the 
nonnallBat ions : 



Sc 7^/d 

F - i £/o 



to Obtains 



j = F“f iE:)' 



( 9 ) 



intes^ting one© 

Sj t C, = F'f- -f \ (10) 

Now if the substitution » 2U'/u. Is made we have 

U“ =: (C,t Sj) U/Z ( 11 ) 



which Is an ordinary* linear difforential ©qisation. 
(11) even farther by raakiag the change of variable 






We Bimpllfy 
( 12 ) 
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This ©Quation has g soliation of the fonn Ct - ^ 

v/her© the lt*e ar© arhitr-ary ooaetante. As Lindtaeyer, ©t al. 
have pointed out^ the apj^z^xit three constants are in reality 
only tv?o. Thia niay be aoen by calculating the normalised po« 
tentialj) $ 




putting the general solution into (l^i) v;© have the result that 



i,. t A, $ = 2 A. f A 6 ) ^ Gf, 6 J ? < 15 , 

It S.8 now apparent that ohly two constants e^iet. 



The solution to (13) is Imom in the for® of on infinite 
series and is given by Llndmayer# ct al. This solution, how- 
ever, is not on© that allowe a straight-forward application of 
the boundary conditions, sine® the constants Cx and Cg are 
buri€sd in th© series. The boundary conditions may be applied 
by use of a oomputer trial and error process* Before we look 
at the results of this caaputation, let us deteralne the appro- 
priate boundary condition® to use. 

If we consider a physical stracturo with a material aand- 
wlohed between an anode and a cathode, then the boundary con- 
dition at Xs=d (ths anode) or Ssl is 

FO) =o uu‘l , (u'j^l 

^=1 Li 



( 16 ) 









J .V 


< i ^ \ . 

i' * * ' 


1 

• 




• i • .r ! ^ - .^’■' 


■ tt 


^ 




t * 0 r • • ■ . • • 


. , *. •'•■* ■■ 


3 “ V . 


mm 


HU 


•A&.a . 


* Lie ‘.>>f>^- 




• •-All''- 


.• 


^ ‘ • — • •-* 












V4 


■•• r*i 


.: f. ■. 


< 

( r. 

♦■ - — 

- I'V** 


** - 
t V s -•f-t •, 1 :: 

A 

y •> 


* ^ xi 

. '^ . - \ 

W * 

\ ^ 



/i 



y T t / 1 3 



I iC J : ’>* > ’ » 1 *. 



\r r 



iw;-. ''^■ 9 # 






V>A 









ir; - rj * 

■“ “ •^’■> *•* ^ * .t.- V- •-■• 








rf r 


* * v 


"■».♦ -w^fA*5* 1. 


} ^••’i ’ ■; L‘ *. s * 


'•i ,- 


xr^ 


-* ><« SX 




Jc;£ ; 


; • / A ’«* 


.*r <i' .. 




ri . 








cr 


• V ? :- 


-•• . '• ■ : ■*“..• r 


, *• ’ '. J < rtif'j' V> 




1.' 


i<j ■ ■*•- - 




e»;' 




' • 'li 


*- w-.-Jf* 4 •; 




Zf’ *1 


: ., - 


< •-■.*•; 'iCi 


*C^iC{€'i5 


er: 




V.;. ~-i **V 


• '' *♦ > - 


i' 


mJ 


i 


r-f* y,< 








■ * - •' 


• •.... i"-*'-;?.? 


•*"_V ( 


r * 


•'•/•iiirf- •• 





i>r,«‘j tn» :-•..' ?r«- • •' 



•^ico 'tr* 



r^j ; O' -t ^'.. Mt? '• -It' •-. *4 ' - .T^""-.-* L^adoi'-i? 



i:t Ct 



,'. :••• j, .^'iir. 



mi 



^ tJjl 



l-l. 



.u ’A 






if VQ assua© t-bat alll ©lectrons arrivlDg et th© ancdo are 



stfept away by %he field* 

The boundary conditions at XsO or SssO is less apparent* 

We first asouae tliat ©leotrlo field here is equal to zero, 
w© 80 © that QinQG we have included the diffusion component of 
the ourr^t as well ee the drift component, this bo\mdary 
oondltlon no longer lead a to soro current ao previously. Hence , 
v:© take aa our second boundary condition 



Th© r-esults obtained by Lindmayer# Reynolds, and Wrigley are 



"' Let'u’s examine these results in more detail, "^^hen th© 
current (or j) is low, then we assume a diff<i3ion limited 
eituaticfki* If this is so then (95 becomes 




j 



which has a solution 



Pisure ^ shows this solution plotted in comparison with the 
oompXote solution. Also shown is tba (Jrift limited case. 

Calculating the transition for high values of J is dif- 
ficult* Lindmayerp et al. found that f^CO) and Cgfg(O) In 
(15) form a dlfferoae© with variation only in the eighth sig- 
nificant figure for values of i > 600* But by ooloulating F 
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point by point and starting at both boundariosj thsy wero 
able to p2M3j80t the ctirve to ^10^, Up to this limit the 
series solution appears to be apps’oaching the drift limited 
oaeo* Th© error is below 1Q% in the drift limited opproxima« 
tion for V > loo kT / ^ < 

The wor!s of Lindmaysr, ©t al* appears to give justifi- 
cation for our previous assumption that th© diffusion ourront 
oould be neglected as long as V > iOokT'/^ 2-n the case of 
a trap-free structure, shall assume that it Is likewise 
justified to iB.’ak3 the oama assumption in the case of trappi3fig* 
Xf t?e neglect diffusion^ then th© equaticne we must solve ares 
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d % 
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(20) 


X 




(21) 


^^ihsrs^ a la the density of free carriers* is th© density of 


tras^>sd carriers e 


and the other symbols ore as before* 


If we 


define 

© s 


'ni'Ht 


(22) 



and substitute for n •{> In (80) we have 

6G> dt 

e 

which may b© substituted toto (21) tshloh gives: 

J. €mq€ ^ 



(23) 



( 2 ^) 



Xf 0 is Jjndepes^ent of x, then the solution of (24) is 
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tb© aam© as (6) 'ulth&M aubctitutod foT/CiOT 
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0 5.5 given appx»e5?imat©ly by 



© = itr) &i\) 
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tOT the oasQ of a eSi^le Xevel of sballow traps v/boso density 



greatly r-odueod. 

In general^ m cannot assize © ea) ©5 t?as don© 
above. The ©Kact matheisGtioal solution becomes very cempll** 
oated if not impossible to earthy out. Before m attejapt to 
do more with tlie solutiosif let ua osamine soa© of th© obarao«» 
terlstlca of the problem and see ^at can be learned without 
a rigorous solution, 

Th© problem we are solving is th© set of equations (20) 
and (21) plus th© fact that we assume n and n^ are specified 
by the normal Fermi statiotloe, lie can write the equation 
relating n(K) to the fermi energy as; 



where Me Is the effective density of states in the conduction 
band at tOTpei?ature T aif^ Eo(x) lo th© lower edge of the ocm* 
duction band, Mh©n a set of traps of density at energy 
%(3t) are in quasi- equilibrium witli n(3?), then 














( * 

. ', ® ^ V. V 

T— ' S - i 



& 



u: 



\/Vz* ^ 



V \r-^t y ’* - 



» * • r C ■ •S^! 

^•r ■■ 



'4>^t 



f -•■ 



f - • 



t/ % 






an * ^ - vz. i ' w. " 

j, * * ' r>;/ • . 

t. -CJ-.-i"^ 

-a,* j;t*'o »d 7 p.ir ^ 

d 



*-• ir. 



a^k ti 



‘flf A* ^ 

#■* 






• I 






Xt J ^ !7 TJL 






/•>B ^ *• 

► |u ♦ C *^*jUP' lO'» " •* 

• * -' • •-'■ VI*' «/ ' '■ 

^ -/■* , - a ?•%» / 

^■r* 1 jLWJr -;f 



9%*a c- 



■-.^C -: 4 ^: 



iPS i O' «*»X J 'V 



• • * • # 



r- /;; »(f^ 



I 



6cl1itoc:» tn* t*- ' *» *^**4 -"'•■*■ - ^‘ <o*-' 

ftcti Q/ 4 V •''* * .-Wnf , lferrj.j: ouJ Vi 

»• rt Tt* ' *I«: 

c 



(YS) 



rt 4,\ 'iri f-it 1 aV' - 

-M 



{(OJiiir.i:bi9a<^ o-V 4'' r->.-?. tit V ' " ’'=»'•* 



•••ilDC ftrff as*'^ '. ’ ft OB# i >4^?' I ' •' - 

^ly if- ,. M ^-titwiVr O i3QJ^.V V * ■•' ' ' •' 

*< M 1 *^ •"* «/• ‘''i’ 



( 28 ) 



- Ni ^ I i' /kj)J 



vUh N - A^c ex;> (>k} - (^)]/kr/ 

The bomidarj coBaitlon tf® asQurae is as befor© EcO at. 

Xs:0* 



Followitig Lamport ve caw male© sea® v©r^ g®K®2?a3. obser^ 
vatlona about tha set of equations* In the neutral cs^stal, 
(le^ no injeotecl charge) ohm* a la^ must hold, Hiie follows 
because Poisson's equation beoemGB 



o/?i 



o 



J 



{29) 



but sine© J io a conctaat, 

Th© first term on th© rl^t in (50) is ssro from (29), There® 
fore, the second term on the right Is sero. This implies 
dti/^^0 or 7?«‘>7o ^ constant independent of k* We may tbKi 

define "ViCM « ®hd Ohm* a law results. 

Ohm's law and Chlld'^s law curves Intez^eot when the ©Kcees 
injected carrier density at the anode calculated from Child's 
law beecKaes similar to '*!» , th© neutral carrier density* «® 
can find the voltage, Va, at which the crossover occurs by 
equating th© ohsic current to th© Bpaoe*ohargG“llmltQd current. 
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Let ue no^^ ©stasln© tli© situation vhen all of the traps 
within the insulator are filled, w© shall find that this 
gives us a third limit on our J«V chameteristica, 

Vrlien all of the traps ar© filled# then there is an un- 
neutralised oharge present in the insulatoi* that tends to 
prevent add.itional ohars® infection. The voltage 
is rioc ©sears? to ovorceme the repulsion from the ohas^o con- 
densed in the traps. Let us follow the mathematics through 
for this case in more dotail. 

If all of th© traps are filled# then aid Poisson’s 

equation hecomee 

^ I . (25) 



We now substitute (33) in (30) and use { 
linear differential equation In n as 



ia e-u 
7f 
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to obtain a non- 



(34) 



This equation Is sepajE^ble and the integral In n is tabulated* 
Using the boundary condition that at XsO gives 




or with n ellinlnated. 
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Ueing the izoltag© dofinitiOB 




(36) as2<3 (33) do not form a ts^o table eet of pai'^etrlc 

equations, but a J vs V(d) relation may b© obtained by aoeuED- 

Ing a J In (36) end solving for E(d)* This value of S(d) Is 

substituted into (38) to obtain V(d), This has been dene by 

Hei^itley for the case hit * /A ~ cur^/xxtii -5cc^ 

^ He obtains th© results In f Iguro ^2>. 

In see a triangle formed by Ohffi^s lav?. 

Child* a law for aolida, and th© trapa«»fllXed«llalt (TFL) law* 

V/e state that the J«V cusv© must lie within this triang^® 

P 

because f 

(a) J cannot lie below Ohm‘^8 law ainoe carriers in- 
jected at the cathode can only enhance the current 
flow* 

(b) J cannot 11© above Child’s law sino© this repre- 
sente th© case inhere all injected oarrlera add to 
the current flow, 

(c) J cannot lie b©lc«i^ TFL law oinc© this represents 
the CS 0 © ii^en th© least number of injected oarrlors 
contribute to th© current. 
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